Objectives: Lipodystrophy and insulin resistance are prevalent among human immunodeficiency virus (HIV)-infected patients on combined antiretroviral therapy (HAART). Aiming to provide a detailed description of the metabolic adverse effects of HIV-lipodystrophy, we investigated several aspects of glucose metabolism, lipid metabolism and b-cell function in lipodystrophic HIV-infected patients. Methods: [3-3 H]glucose was applied during euglycaemic hyperinsulinaemic clamps in association with indirect calorimetry in 43 normoglycaemic HIV-infected patients (18 lipodystrophic patients on HAART (LIPO), 18 patients without lipodystrophy on HAART (NONLIPO) and seven patients who were naïve to antiretroviral therapy (NAÏVE) respectively). b-cell function was evaluated by an intravenous glucose tolerance test. Results: Compared with NONLIPO and NAÏVE separately, LIPO displayed markedly reduced ratio of limb to trunk fat (RLF; . 34%, P , 0.001), hepatic insulin sensitivity (. 40%, P , 0.03), incremental glucose disposal (. 50%, P , 0.001) and incremental exogenous glucose storage (. 50%, P , 0.05). Furthermore, LIPO displayed reduced incremental glucose oxidation (P , 0.01), increased clamp free fatty acids (P , 0.05) and attenuated insulin-mediated suppression of lipid oxidation (P , 0.05) compared with NONLIPO. In combined study groups, RLF correlated with hepatic insulin sensitivity (r ¼ 0.69), incremental glucose disposal (r ¼ 0.71) and incremental exogenous glucose storage (r ¼ 0.40), all P , 0.01. Disposition index (i.e. first-phase insulin response to intravenous glucose multiplied by incremental glucose disposal) was reduced by 46% (P ¼ 0.05) in LIPO compared with the combined groups of NONLIPO and NAÏVE, indicating an impaired adaptation of b-cell function to insulin resistance in LIPO. Conclusion: Our data suggest that normoglycaemic lipodystrophic HIV-infected patients display impaired glucose and lipid metabolism in multiple pathways involving liver, muscle tissue and b-cell function.
Introduction
The prevalence rate of fat redistribution in human immunodeficiency virus (HIV)-infected patients receiving highly active antiretroviral therapy (HAART) for more than 1 year is approximately 40% (1) . The major phenotypic trait of HIV-associated lipodystrophy syndrome (HALS) is loss of extremity fat including facial and gluteal regions and fat gain in the trunk region (2) . Metabolically, the syndrome is characterized by insulin resistance (3, 4) , impaired glucose tolerance (5, 6) and hepatic insulin resistance (7) . Also, fat metabolism is disturbed with reports on increased lipolysis (8) , increased fat deposition in the liver (9) and muscle tissue (10, 11) , increased expression of tumour necrosis factor-a in fat tissue and decreased plasma levels of adiponectin (12) . The subcutaneous fat atrophy in the leg region has been positively related to a high level of fasting insulin and fasting C-peptide, indicating a relationship between insulin resistance and fat distribution (5, 13) .
We recently reported that HIV-infected patients who had lipodystrophy compared with HIV-infected patients without fat redistribution, exhibited deterioration in insulin sensitivity (14) . In the present study, we have investigated in more detail several aspects of the glucose and lipid metabolism in this cohort of normoglycaemic HIV-infected patients on HAART with and without fat redistribution using data from a hyperinsulinaemic euglycaemic clamp combined with tritiated glucose infusions and indirect calorimetry. In this study, we also included normoglycaemic HIV-infected patients who had not been treated with antiretroviral drugs. The associations between fat distribution and measures of hepatic insulin sensitivity, glucose and fat metabolism were examined, aiming to provide new insight into substrate metabolism in HIV-lipodystrophy. The b-cell function was evaluated comparing the firstphase insulin secretion response following an intravenous glucose bolus with the incremental peripheral glucose disposal to examine whether the insulin response in HIV-lipodystrophy might compensate for the degree of insulin resistance in the patients.
Patients and methods

Subjects
Forty-three HIV-1 positive men were recruited from the outpatient clinic of infectious diseases at Hvidovre Hospital, University of Copenhagen, Denmark. All HIV-infected patients had to have plasma glucose , 7.0 mmol/l following a 12-h fast, and must be older than 25 years of age. Each subject filled in a standardized questionnaire including nine criteria of lipodystrophy (loss of fat in face, arms, legs, buttocks, gain of abdominal and trunk fat, more exposed veins, fat pads in the neck region and lipomas). A trained physician carried out a complete physical examination (examination for lipoatrophy in face, extremities, buttocks, abdominal obesity, buffalo hump and lipomas). The patient had to report at least one of the criteria of lipodystrophy and present at least one of the six signs of lipodystrophy in order to be categorized as exhibiting HALS. Lipohypertrophy as the only reported symptom or sign was not accepted for inclusion as a lipodystrophic patient. The questionnaire and physical examination had to be negative for signs of lipodystrophy for a patient to be included as a control subject. According to these definitions, 18 HIV-infected patients had HALS and were under medication with HAART (i.e. LIPO), 18 HIV-infected patients on HAART did not exhibit redistribution of fat (i.e. NONLIPO) and seven HIVinfected patients did not display redistribution of fat and had never received antiretroviral drugs (i.e. NAÏVE). Notably, in the LIPO group of 18 patients, 17 patients complained and were found to display a combination of peripheral fat loss and central fat accumulation, whereas one single patient with multiple lipomas was accepted as a case patient (i.e. LIPO). Exclusion criteria were chronic disease other than HIV infection, an AIDS-related episode or acute infection within the latest 3 months, weight loss or gain above 4 kg within 6 months, treatment with lipid lowering agents or antidiabetic drugs. Except for HAART, none of the subjects received medication known to affect glucose metabolism. All but two participants were of Caucasian ethnicity and only two of the participants had a family history of diabetes mellitus, both of them being in the NONLIPO group. Subjects gave their written informed consent and the protocol was approved by the Ethical Committee in Copenhagen, Denmark, and performed in accordance with the Helsinki Declaration II.
Experimental protocol
Instructions were given to abstain from strenuous exercise for at least 3 days before the metabolic assessments. The HIV-infected patients reported to our laboratory at 0800 h following a 12-h overnight fast, including a 16-h withdrawal of HAART. At 0830 h two intravenous cannulas were inserted, one in a dorsal hand vein and the other in a contralateral antecubital vein. The hand vein was used for blood sampling, whereas the antecubital vein was used for infusion. A primed continuous infusion of 3-3 H-tritiated glucose (bolus: 2.05 mCi/mmol per l fasting plasma (p-) glucose; continuous: 0.11 mCi/min; New England Nuclear, Boston, MA, USA) was initiated at 0900 h at the start of the 150-min basal period (0 -150 min) and continued throughout the basal period, a 30-min intravenous glucose tolerance test (IVGTT; 150 -180 min) and a 120-min hyperinsulinaemic euglucemic clamp (180-300 min) respectively. Two steady-state periods were predefined, i.e. at 90 -120 min (basal) and 270 -300 min (clamp). During both steady-state periods indirect calorimetry was performed using a computerized canopy gas analyzer system (Deltatrac II Metabolic Monitor; Datex, Helsinki, Finland) to estimate non-protein glucose and lipid oxidation rates as previously described (15) . The IVGTT was initiated with a 1-min bolus glucose infusion (0.3 g/kg body weight (BW)). Blood samples for glucose and insulin were drawn relative to the start of the glucose bolus at 2 4, 2 2, 0, 2, 4, 6, 8, 10, 15, 20 and 30 min. Thereafter, insulin (Actrapid; Novo Nordisk A/S, Bagsvaerd, Denmark) infusion rate of 100 mU/m 2 per min with a stepwise decline in infusion rate every third minute by 20 mU/m 2 per min until an insulin infusion rate of 40 mU/m 2 per min was reached after 9 min. For the remaining 111 min of the clamp, insulin infusion rate was fixed at 40 mU/m 2 per min. Plasma glucose concentration was kept at < 5 mmol/l by adjusting the infusion rate of glucose (180 g/l), which was enriched with tritiated glucose (110 mCi/l). During the clamp, glucose levels were determined every 5 min, and blood samples for assessing plasma insulin levels were taken every 10 min. Blood samples for assessing plasma glycerol, alanine, lactate, glucagons, total cholesterol, high density lipoprotein (HDL) cholesterol and triglyceride were taken during the basal fasting period at 90 and 120 min, and during the clamp at 270 and 300 min, whereas blood samples for free fatty acids (FFAs) were taken more frequently (see Fig. 1 ). Body composition was evaluated by dual energy X-ray absorptiometry (DEXA) (Norland, WI, USA). To estimate the amount of fat in the trunk (chest, abdomen and pelvis) and in the extremities a whole-body scan was performed. The proximal limitation of the leg region was placed through the hip joints at an angle of approximately 45 degrees. The DEXA scans were done in random order, and the operator was unaware of the assignment of the patients to study groups.
Analytical procedures
The whole blood glucose levels were determined pairwise on two calibrated HemoCue B-Glucose Analyzers (HemaCue AB, Angelholm, Sweden) with an intra-analyzer coefficient of variation (C.V.) of 3.5% and an interanalyzer C.V. of 3.3%. Plasma glucose was calculated using the equations of Fogh-Andersen & D'Orazio (16) filling in data on whole blood glucose (the mean of the pair of measurements) and blood haematocrit. Plasma insulin blood samples were centrifuged immediately at 4 8C and stored at 2 80 8C for later analysis. Plasma insulin concentration was determined by 1235 AutoDELPHIA automatic immunoassay system (Wallac Oy, Turku, Finland). The insulin assay had a detection limit of approximately 3 pM. Cross-reactivity with intact proinsulin was 0.1%, 0.4% with 32-33 split proinsulin and 66% with 64 -65 split proinsulin, intra-assay C.V. of 4.5% and interassay C.V. of 7%. Plasma FFAs were determined using an enzymatic colorimetric method (Wako C test kit; Wako Chemicals GmbH, Neuss, Germany) with an interassay C.V. of 5%. Total serum cholesterol, HDL cholesterol and serum triglycerides were determined by reflection photometry (Ortho-Clinical Diagnostics kit, Raritan, NJ, USA) with interassay C.V. values of 2, 8 and 2.5% respectively. CD4 count determination (flow cytometry; Becton-Dickinson FACscan, Frankling Lakes, NJ, USA; interassay C.V. of 7%) and viral load determination (Roche Amplicor and Roche amplicer ultrasensitive assay with a detection limit of 20 copies/ml plasma; Roche, Basel, Switzerland) met the requirements of interlaboratory quality control. The glucagon assay (17) is directed against the COOH-terminus of the glucagon molecule and therefore measures glucagon of mainly pancreatic origin. Detection limit and intraassay C.V. of the assay used was 1 pmol/l and , 6%. Given that the glucagon concentration was lower than the detection limit, a value of 0.5 pmol/l was noted. Concentrations of alanine and glycerol were measured by a spectrophotometric method (Hitachi 912 automated analyzer; Roche, Hvidovre, Denmark). Plasma lactate was measured by an enzymatic kit (Roche Diagnostics GmbH, Mannheim, Germany) on an automatic analyzer (Hitachi 912). Tritiated glucose and water was measured as previously described (18) .
Calculations
Ratio of limb fat to trunk fat (RLF) was calculated as the extremity fat mass (total fat in arms and legs) expressed as percentage of fat mass in the trunk region. RLF was Figure 1 Plasma concentration of FFAs, glycerol, alanine, lactate and glucagon at basal steady-state period (90-120 min) and at clamp steady-state period (270-300 min) in LIPO, NONLIPO and NAÏVE. Significant differences between study groups are indicated at steady-state periods: *P , 0.05 between LIPO and NAÏVE; §P , 0.05 between LIPO and NONLIPO; P , 0.05 between NONLIPO and NAI¨VE. LIPO (X), NONLIPO (K) and NAÏVE (A).
chosen as a discriminative parameter for HIV-lipodystrophy, as fat loss in arms and legs and fat accumulation in the trunk region are a prerogative for the diagnosis of peripheral lipoatrophy and central fat accumulation consistent with lipodystrophy of the mixed type (2) .
Rates of glucose appearance (Ra), rates of glucose disposal (Rd) and rates of endogenous glucose production (EGP) were estimated during predefined steady-state periods (i.e. basal and clamp periods) at intervals of 10 min using Steele's non-steady-state equations as previously described (18) . In the calculations of glucose turnover rates, the distribution volume of glucose was taken as 200 ml/kg BW, the pool fraction as 0.65, plasma water was assumed to represent 93% of total plasma volume and total body water mass was set at 65% of BW (19) . During the clamp, EGP was calculated as Ra minus rate of infusion of exogenous glucose (GIR). The glycolytic flux (GF) was estimated from the production rate of tritiated water ( 3 H 2 O) as previously described (20) . The production rates of 3 H 2 O were linear in all study groups from 30 to 120 min and 210 to 300 min (all r . 0.98). Exogenous glucose storage rate (EGS) was calculated as Rd minus GF, non-oxidative glucose metabolism (NOGM) as Rd minus glucose oxidation (GOX), and non-oxidative glucolysis as GF minus GOX (20 (19) and hepatic insulin sensitivity (HIS) as (1000/EGP basal /p-insulin basal ) (21) . The unit of SiRd is mg glucose/kg free fat mass (FFM) per min per pmol/l insulin per mmol/l glucose and the unit of HIS is 10 3 /mg glucose per kg FFM per min per pmol/l insulin. Otherwise, throughout this paper the unit of glucose turnover rate is mg/kg FFM per min.
First-phase insulin response to i.v. glucose bolus (Phi IVGTT ) was calculated as the area under the curve (AUC) of plasma insulin 0-10 min after the i.v. glucose bolus divided by total AUC of plasma glucose 0-10 min after the i.v. glucose bolus as previously suggested (19) . The unit of Phi IVGTT is pmol insulin/mmol glucose. First-phase insulin response was evaluated relatively to insulin sensitivity (22) . The disposition index (Di) was defined as the product of Si Rd and Phi IVGTT .
Statistics
Data are presented as means^S.E.M. and as medians and ranges when distributions were skewed. ANOVA was performed to compare the distribution of the glucose metabolic data of the three study groups. It appeared that RLF was a strong discriminator between HIVinfected patients with and without lipodystrophy; however, age was also different between groups. Accordingly, we calculated the impact of RLF adjusted for age on metabolic variables by univariate ANOVA, with patient groups (qualitative factors) and RLF and age (quantitative factors) as covariates. Given the significant impact of RLF, Student's t-test was used to compare the distribution of metabolic data between cases and each group of control subjects. Pearson correlation coefficient (r) was applied for measurements of associations between variables for the total study group. Adjustment for age and percentage of total fat mass was performed calculating the partial correlation coefficient between variables. If data distribution was skewed, data were log transformed before applying ANOVA and t-tests and before calculation of a correlation coefficient. Calculations were performed by SPSS (SPSS version 12.0; SPSS Inc., Chicago, IL, USA). Two-sided P values less than 0.05 were defined as statistically significant.
Results
Characteristics of the study groups LIPO were older than NONLIPO and NAÏVE (50^2 years vs 43^2 vs 36^3, P , 0.01), whereas no significant differences between groups in body mass index (24.7^0.6 kg/m 2 vs 22.5^0.8 vs 24.8^1.0, ANOVA, P ¼ not significant (ns)) and total fat mass (16^1 kg vs 13^2 vs 20^2, ANOVA, P ¼ ns) were observed. Both trunk fat mass given as absolute value (LIPO 9.8^1.0 kg vs NONLIPO 6.7^0.9 vs NAÏVE 9.5^1.1, ANOVA, P ¼ ns) and as trunk fat mass normalization by division with body weight (11.9^0.9% vs 9.1^1.1 vs 11.9^1.1, ANOVA, P ¼ ns) did not differ significantly between study groups. In contrast, limb fat mass differed between groups both as absolute value (ANOVA, P , 0.02) and after normalization by body weight (ANOVA, P , 0.01); thus, NAÏVE displayed increased limb fat (8.6^0.8 kg, 10.8^0.8%) compared with LIPO (5.6^0.6 kg, P , 0.01; 6.8^0.6%, P , 0.01) and compared with NONLIPO (5.4^0.6 kg, P , 0.01; 7.4^0.7%, P , 0.01). RLF differed between groups (ANOVA, P , 0.001), such that RLF was significantly reduced in LIPO (58^4%) compared with NONLIPO (89^7, P , 0.001) and NAÏVE (92^5, P , 0.001), consistent with lipodystrophy in LIPO. Basal glucose concentration was similar in the groups (the means for individual groups ranged from 4.80 to 4.85 mmol/l, P ¼ ns and all subjects had plasma glucose # 6.1 mmol/l).
Duration of HIV infection was: in LIPO, 99^14 months, NONLIPO, 72^11 and NAÏVE, 61^25, ANOVA, P ¼ ns. All LIPO and all NONLIPO were treated with nucleoside reverse transcriptase inhibitors (NRTIs) as part of HAART and mean duration of therapy for this class of drug was 47^7 months and 42^6, P ¼ ns. Frequently used NRTIs in LIPO and NONLIPO were Lamivudine (83%), Zidovudine (50%) and Stavudine (47%) respectively. As part of the HAART, protease inhibitors (PIs) were used by 90% of LIPO and NONLIPO. Frequently used PIs were Indinavir (33%), Ritonavir (31%) and Nelfinavir (22%). The components of HAART did not differ between LIPO and NONLIPO. CD4 cell numbers were similar between study groups (LIPO 427^45 cells/ml, NONLIPO 352^46 and NAÏVE 521^90, ANOVA, P ¼ ns). LIPO and NONLIPO both displayed suppressed HIV-RNA (median , 20 copies/ml). NAÏVE had a median HIV-RNA of 14 900 copies/ml.
Basal and insulin-stimulated glucose metabolism
Basal and clamp insulin concentrations were increased in LIPO (77^11 pmol/l and 535^35 pmol/l) compared with NONLIPO (32^4 and 392^16, all P , 0.01) and NAÏVE (37^5 and 445^26, all P , 0.01). Table 1 presents glucose metabolic data including lipid oxidation. During the basal period no statistically significant differences were found between the groups. During the clamp significant reductions in Rd, NOGM and EGS were found in LIPO compared with NONLIPO and NAÏVE. HIS was also significantly reduced in LIPO compared with NONLIPO and NAÏVE ( Table 2 ). Si Rd , incremental Rd, NOGM and EGS were twofold greater in NONLIPO and NAÏVE compared with LIPO. Incremental GOX was increased in NONLIPO compared with LIPO and incremental lipid oxidation was increased in LIPO relative to NONLIPO.
Basal and insulin-stimulated plasma concentrations of FFAs, glycerol, alanine, lactate, glucagon, total cholesterol, HDL cholesterol and triglyceride Basal FFA concentrations were similar in the study groups (Fig. 1) . However, clamp FFA was lower in NAÏVE compared with LIPO and NONLIPO separately, and lower in NONLIPO compared with LIPO (all P , 0.05). Basal glycerol concentration tended to be lower in NAÏVE compared with LIPO and NONLIPO separately (all P , 0.12). Clamp glycerol concentration was lower in NAÏVE compared with LIPO (P , 0.01). Basal alanine concentration was lower in NAÏVE relatively to LIPO and clamp alanine was lower in NAÏVE and in NONLIPO compared with LIPO (all P , 0.03). Basal lactate concentration was lower in NAÏVE . Unit: mg/kg FFM per min; ns, not statistically significant. * During the basal period all differences between study groups were statistically insignificant (P . 0.05, ANOVA). a, P , 0.001 for LIPO vs NONLIPO; b, P , 0.001 for LIPO vs NAI¨VE; c, P , 0.01 for LIPO vs NONLIPO; d, P , 0.01 for LIPO vs NAI¨VE; †, value is different from zero (P , 0.05); §, adjusted for age. NOGM, non-oxidative glycolysis. 
Association of fat distribution, HIS, glucose and lipid turnover rates
In all patients, RLF (unadjusted and adjusted for age and total fat mass) correlated highly significantly and positively with HIS, the insulin-stimulated and incremental values of Rd, NOGM, EGS and incremental GOX, whereas RLF (unadjusted and adjusted for age and total fat mass) correlated inversely with insulin stimulated and incremental LIPOX ( Table 3 ). The correlations of limb and trunk fat masses versus HIS and Rd in LIPO were insignificant, whereas correlations of HIS and Rd versus the ratio of limb to trunk fat mass appeared to be highly significant in LIPO (Table 4 ). In contrast, the combined group of NONLIPO and NAÏVE exhibited significant inverse correlations of HIS and Rd versus limb and trunk fat masses (Table 4) . RLF was significantly and inversely correlated with plasma concentrations of triglyceride, FFA and glycerol during the clamp (Table 5) . Insulin-stimulated Rd and NOGM were inversely correlated with clamp plasma concentrations of FFA and glycerol (Table 5) .
In all subjects (n ¼ 43), HIS correlated significantly with Rd, EGS, incremental GOX (Fig. 2) , NOGM (r ¼ 0.55, P , 0.001, data not shown) and incremental lipid oxidation (r ¼ 2 0.33, P , 0.05, data not shown). GOX and LIPOX correlated strongly and inversely during fasting (basal, r ¼ 2 0.77, P , 0.001) and during the clamp (r ¼ 2 0.68, P , 0.001, data not shown). In addition, EGS and NOGM were strongly correlated (r ¼ 0.80, P , 0.001, data not shown). Basal glucagon concentration was significantly inversely correlated with HIS (r ¼ 2 0.46, P , 0.01, data not shown). This correlation was robust for adjustment for age, total fat mass and RLF (P , 0.05). Basal plasma concentration of glucagon was not significantly correlated with RLF (r ¼ (0.21, P ¼ 0.16, data not shown).
Di and b-cell function
Di was reduced 46% in LIPO compared with the combined groups of NONLIPO and NAÏVE (median 35 (range 2-209) vs median 65 (range 15 -143), Mann-Whitney test, P ¼ 0.05). The reduced Di in LIPO was due to an impaired Si Rd (1.5^0.3 vs 3.5^0.3, P , 0.0001 age adjusted), which was not compensated by increased Phi IVGTT (median 22 (range 8 -237) vs median 18 (range 6-51), P ¼ ns). Figure 3 shows the Phi IVGTT plotted against Si Rd for all subjects individually. Insulin resistance may arbitrary be defined as insulin sensitivity below the 25th percentile of the population studied (23) . Therefore, we marked the 25th percentile of the Si Rd of the combined groups of NONLIPO and NAÏVE (the arrow on the x axis on Fig. 3 ). In parallel, we indicated the 25th percentile of the Di of the combined groups of NONLIPO and NAÏVE by the hyperbolic solid line in Fig. 3 proposing that a left shift relative to this line would suggest a low Di of the HIV-infected patient. In accordance, it appeared that an increased fraction of LIPO displayed a combination of low insulin sensitivity and low Di compared with the combined group of NONLIPO and NAÏVE (50% vs 12%, Chi-square test, P , 0.01).
Discussion
Our data have indicated that normoglycaemic lipodystrophic HIV-infected patients on HAART (LIPO) may display hepatic and peripheral insulin resistance including impaired EGS, GOX and increased LIPOX compared with normoglycaemic non-lipodystrophic Table 3 Association of RLF versus HIS and measures of insulinstimulated glucose and lipid turnover rates in combined study groups. Combined study groups, n ¼ 43; †, adjusted for total fat mass (%) and age (years). ***P , 0.001, **P , 0.01, *P , 0.05. Incr, incremental.
HIV-infected patients on HAART (NONLIPO) and HIVinfected patients naïve to HAART (NAÏVE). Such glucose metabolic aberrations appeared to be strongly associated with the lipodystrophic fat distribution independently of the age and total fat mass of the subjects. In addition, we have provided evidence suggesting that LIPO exhibit defects in first-phase insulin secretion following an intravenous glucose bolus. The protease inhibitors, which are one of the cornerstones in HAART, have been shown to acutely inhibit glucose transporter-4 (GLUT-4) in cell cultures (24) , and to decrease insulin sensitivity in vivo (25, 26) making it difficult to distinguish between the effect of HAART and the effect of fat redistribution on metabolic aberrations in HIV-infected patients. The protease inhibitor-induced insulin resistance appears, however, to be reversible within a few hours following discontinuation of the drug (26) . In the present study, components of HAART were balanced between study groups on antiretroviral therapy and patients were studied after at least 16 h discontinuation of antiretroviral drugs to ensure that the acute effects of HAART on substrate metabolism would be small.
Substrate metabolism
The normoglycaemic LIPO exhibited severe impairments in insulin-stimulated EGS and in NOGM. In HIV-negative individuals, EGS has been shown to be an index of glycogen storage (27) . In the present study of normoglycaemic HIV-infected patients, the two surrogate parameters of glycogen deposition, i.e. EGS and NOGM, correlated strongly (r 2 ¼ 0.65 in all patients). Accordingly, a major defect in glucose metabolism in LIPO appears to be impaired insulin-stimulated glycogen synthesis. Defects of similar magnitude in this glucose metabolic pathway have been described in HIV-negative subjects with overt type 2 diabetes mellitus (28) .
We observed that the normoglycaemic LIPO displayed decreased insulin-stimulated GOX and an attenuated insulin-stimulated suppression of LIPOX at similar levels as has been reported for HIV-negative individuals with insulin resistance and type 2 diabetes mellitus (29, 30) . The strong associations between basal and insulin-stimulated LIPOX and GOX suggest an important link between muscle glucose metabolism and lipid metabolism in HIV-infected patients (28) . Indirect calorimetry provides estimates of the oxidation of glucose from glycogen stores, which do not appear in the tracer calculations. On the other hand, indirect calorimetry does not provide an estimate of the glucose that has been directed to non-oxidative glycolysis (lactate and alanine production), which appears in the tracer calculations of GF (20, 27) . LIPO and NAÏVE appeared to display similar levels of GF and GOX during the insulin-stimulated steady-state period. However, this may not reflect similar non-oxidative glycolysis and endogenous glucose fluxes as we showed that the clamp plasma alanine and lactate concentrations were significantly increased in LIPO compared with NAÏVE, which supports a relatively increased non-oxidative glycolysis in LIPO (31) . The observation in NONLIPO that GF was reduced compared with GOX may represent a relatively low non-oxidative glycolysis, which is supported by the finding of a relatively low plasma alanine concentration during clamp in NONLIPO.
Our finding of reduced insulin-stimulated EGS/ NOGM and GOX in LIPO is consistent with the results from Behrens and co-workers (32) on reduced insulin-stimulated NOGM and GOX in six lipodystrophic HIV-infected patients on HAART compared with six HIV-infected patients, who had never received antiretroviral therapy. Similar defects in glucose metabolism were observed in six lipodystrophic HIV-infected patients on HAART compared with six healthy HIVnegative control subjects (33) .
The mechanisms behind hepatic insulin resistance in LIPO compared with NONLIPO and NAÏVE were not addressed in our study. An increased accumulation of triglyceride in the liver of lipodystrophic HIV-infected patients has been observed (9) . Increased liver fat is associated with hepatic and peripheral insulin resistance (34, 35) . In addition, hepatic and peripheral insulin resistance seem to correlate (36) , which was also observed in the present study. Another mechanism explaining, in part, the hepatic insulin resistance in LIPO might be a stimulatory effect of glucagon on the hepatic glucose production (37) , which corresponds to our present finding of an inverse correlation between plasma glucagon concentration and HIS.
The hepatic glucose production during the insulin clamp (40 mU/m 2 per min) was almost fully suppressed in all study groups, which should be expected as it has been shown that HIV-negative individuals, who displayed a broad range of insulin sensitivity including mild type 2 diabetes, suppress hepatic glucose production by more than 75% in this setting (18, 38) . Future studies should address whether lower insulin infusion rates, e.g. 10 or 20 mU/m 22 per min, may reveal defects in hepatic glucose production in HIV-lipodystrophy (18, 38) .
Compared with LIPO and NONLIPO, NAÏVE displayed a lower basal and clamp glycerol concentration. If plasma glycerol concentration is accepted as an index of lipolysis at these predefined steady-state periods, our findings suggest a lower level of lipolysis in NAÏVE during both basal and insulin-stimulated conditions compared with the HIV-infected patients on HAART (i.e. LIPO and NONLIPO), which is consistent with former reports of increased rates of lipolysis in such patients (8, 39) . Our data are also consistent with an increased rate of lipolysis in LIPO compared with NONLIPO, as the FFA concentration was increased during clamp and the insulin-mediated suppression of lipid oxidation was attenuated in LIPO. Increased rates of lipolysis are thought to be a causative factor of impaired Rd rate (40) and glycogen storage (41) . Consistently, in the present study, concentrations of FFAs and glycerol during the clamp were inversely correlated with insulin-stimulated Rd and NOGM.
An interesting and as yet unresolved question regarding the pathophysiology of lipodystrophy in HIVinfected patients is whether metabolic adverse events are mainly related to peripheral subcutaneous lipoatrophy, truncal (visceral) lipohypertrophy, or both. The data from the present study may support the posibility that the fat redistribution as such, i.e. peripheral fat loss concomitant with central fat gain in lipodystrophic HIV-infected patients (who complain and display signs of this 'mixed condition') relates to glucose metabolic complications. This was suggested in LIPO by the missed significant correlations for glucose metabolism versus limb fat mass and trunk fat mass separately but, in the combined form, as a ratio, fat distribution correlated highly significantly with many measures of glucose and lipid metabolism (Tables 3 and 4) . However, the present study was cross-sectional and to prove that the combined fat redistribution, as such, and not lipoatrophy or lipohypertrophy separately, is the strongest factor related to metabolic adverse events, a prospective setting is needed.
Di and b-cell function LIPO displayed nearly 50% reduction in Di compared with non-lipodystrophic HIV-infected patients suggesting b-cell dysfunction; however, the first-phase insulin secretion did not differ between LIPO and the combined group of NONLIPO and NAÏVE. Therefore, the insulin response may be normal in absolute terms but reduced for the degree of insulin resistance reflected by a lower Di (22, 42) . Also, our data suggested that a greater proportion of LIPO might display a combination of low Di and low insulin sensitivity compared with NONLIPO and NAÏVE (Fig. 3) . In a situation with an augmented demand for insulin, i.e. insulin resistance, insulin secretion may exceed the rate of synthesis, which leads to depletion of the insulin stores (43) . This may affect, especially, the first-phase insulin response during an i.v. glucose load, despite a normal fasting glucose level (44) . The insulin response to i.v. glucose is a very sensitive index of b-cell function compared with the insulin response to non-glucose secretagogues (45) . The aetiology of the islet b-cell dysfunction in HIV-lipodystrophy is not known, but a hypothesis focusing on a deleterious effect of HAART on b-cell function has been discussed (7, 46) . A defect in the incretin signalling may also explain the b-cell dysfunction (47) . Alternatively, increased levels of FFAs have been shown to induce defects in b-cell function (48) .
Limitations
The Botnia clamp (i.e. the combination of an IVGTT and a hyperinsulinaemic euglycaemic clamp), which was used in the present investigation, remains to be validated for the determination of various pathways of glucose metabolism by radioactive labelled glucose. However, it has recently been shown that the glucose disposal rates, whether using the Botnia combination or a traditional euglycaemic clamp, are highly correlated (r . 0.95) and comparable (mean difference 7%) (49) .
In conclusion, we have provided evidence suggesting that normoglycaemic HIV-infected men with lipodystrophy may display impairments in multiple pathways of glucose and lipid metabolism involving muscle tissue, liver and pancreatic b-cells compared with normoglycaemic HIV-infected men without fat redistribution.
